Objective: The purpose of this study was to estimate the T2* relaxation time in breast cancer, and to evaluate the association between the T2* value with clinical-imaging-pathological features of breast cancer. Materials and Methods: Between January 2011 and July 2013, 107 consecutive women with 107 breast cancers underwent multi-echo T2*-weighted imaging on a 3T clinical magnetic resonance imaging system. The Student's t test and one-way analysis of variance were used to compare the T2* values of cancer for different groups, based on the clinical-imagingpathological features. In addition, multiple linear regression analysis was performed to find independent predictive factors associated with the T2* values. Results: Of the 107 breast cancers, 92 were invasive and 15 were ductal carcinoma in situ (DCIS). The mean T2* value of invasive cancers was significantly longer than that of DCIS (p = 0.029). Signal intensity on T2-weighted imaging (T2WI) and histologic grade of invasive breast cancers showed significant correlation with T2* relaxation time in univariate and multivariate analysis. Breast cancer groups with higher signal intensity on T2WI showed longer T2* relaxation time (p = 0.005). Cancer groups with higher histologic grade showed longer T2* relaxation time (p = 0.017).
INTRODUCTION
Among all imaging modalities, magnetic resonance imaging (MRI) is the most sensitive method of detecting breast cancer (1) (2) (3) (4) . Dynamic contrast-enhanced (DCE) MRI is an integral part of the proposed standard protocol https://doi.org/10.3348/kjr.2017.18.1.238 pISSN 1229-6929 · eISSN Original Article | Breast Imaging for breast cancer diagnosis, which provides important information about temporal and spatial uptake of the contrast medium (5, 6) . Recently, research focused on diffusion-weighted imaging, proton spectroscopy, and perfusion MRI, has suggested that these techniques may offer potential improvements for diagnostic breast imaging patients from a single institution were included, who were diagnosed with breast cancer and underwent breast MRI. Eighty-three patients were excluded from the analysis for the following reasons: 34 patients received neoadjuvant chemotherapy before MRI, 26 had no T2* data, 15 had excisional or vacuum-assisted biopsy before MRI, and 8 did not undergo definitive surgery for breast cancer at our hospital. None of the patients had bilateral breast cancer. In case of multifocal or multicentric cancers, the index cancer was represented by the largest lesion. Finally, 107 women (mean age 52.5 ± 11.3 years, range 29-77) with 107 index breast cancers were analyzed in this study group.
Clinical, Imaging, and Pathological Analysis
Age at diagnosis, menopausal status, symptoms at diagnosis, and family history of breast cancer were obtained from the patient's medical records. Two radiologists (with 12 and 4 years of interpretation of breast images, respectively) reviewed the mammography and MRI in consensus. Mammography determined the breast density and presence of calcifications. In addition, MRI was also reviewed to determine the imaging factors of breast cancers, lesion location, lesion size, and qualitative visual assessment of signal intensity of cancer on T2 weighted image (T2 signal intensity). Lesions were classified into anterior, middle, and posterior location. T2 signal intensity of cancer was compared with that of breast parenchyma on T2-weighted image (T2WI) and classified into three groups: iso-signal intensity, high and very high signal intensity (22) . Results of hematoxylin and eosin staining and immunohistochemical staining of the surgical specimen were reviewed. These results determined the tumor pathologic subtype, axillary lymph node status, histologic grade, estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) status, p53, Ki-67, CK 5/6 and molecular subtype. Tumor histologic grade was assessed by the modified Bloom-Richardson scoring system (23) . ER-positive and PR-positive tumors were defined by the presence of 1% or more positively stained nuclei at 10 x magnification (24) . The staining of c-erb-B2 was scored as 0, 1+, 2+, or 3+. Tumors with a 3+ score were classified as HER2 positive, and tumors with a 0 or 1+ score were classified as negative. In tumors with a 2+ score, gene amplification using fluorescence in situ hybridization was used to determine the HER2 status (25) . Positive expression of p53 and CK 5/6 was accepted in any case presenting with well-defined nuclear staining. We used (7) (8) (9) (10) (11) (12) .
Another avenue to help characterize breast lesions is the susceptibility information arising from T2* relaxation. T2* relaxation is the decay of transverse magnetization caused by a combination of spin-spin relaxation and magnetic field inhomogeneity, and includes susceptibility information, which is a unique feature of the tissue (13) . Image contrast on susceptibility weighted imaging is affected by paramagnetic deoxyhemoglobin within red blood cells, and is sensitive to the partial pressure of oxygen within vessels (14) . Previous studies found that susceptibility information can help to provide information on hypoxia, and to predict the therapeutic response of the tumor. This is of importance since hypoxia is known to reduce the sensitivity towards chemotherapy and radiation therapy (15) (16) (17) (18) (19) .
In addition to deoxyhemoglobin, static tissue components such as iron deposit, tissue interfaces, or presence of ligamentous/fibrous structures may induce magnetic field inhomogeneity, which causes faster T2* relaxation (i.e., shorter T2* relaxation time), and leads to reduction in signal on gradient-echo (GE) images (13, 20) . A recent study showed that the T2* value of the breast glandular tissue is shorter than that of fatty tissue. These results were explained by the magnetic field inhomogeneity of tissue interfaces from fibrocollagenous ligament of Cooper in the glandular tissue, where susceptibility-induced dephasing of proton spins at tissue interfaces can lead to faster T2* relaxation (21) .
It is important to understand the relationship between changes of the T2* value of breast cancer and the clinicalimaging-pathological features, because the T2* value might help to provide microstructure information which correlates with magnetic field inhomogeneity. To our knowledge, however, no previous study has included evaluation of the correlation between the T2* value of breast cancer and different clinical-imaging-pathological features. Therefore, the purpose of this study was to estimate the T2* relaxation time of breast cancers, and to evaluate the relationship of the T2* value of breast cancer with clinical-imagingpathological features.
MATERIALS AND METHODS

Study Population
This study was approved by the Institutional Review Board, and the requirement for informed consent was kjronline.org a cutoff value of 14% to divide Ki-67 into high-expression and low-expression groups (26) . Regarding molecular subtype, the breast cancers were classified into three groups (hormone receptor [HR]-positive, HER2-positive, and triple-negative), based on the expression of ER, PR, and HER2. HR-positive subtype was defined as either ER-and/ or PR-positive/HER2-negative. The HER2-positive subtype was defined to include ER-negative, PR-negative and HER2-positive results. The triple-negative subtype was defined as cancers with ER-negative/PR-negative/HER2-negative results.
MR Imaging Acquisition
All MR examinations were performed with a 3T MRI system (Achieva; Philips Healthcare, Best, the Netherlands) using a four-channel breast coil for reception, with the subject in prone position. At our institute, the regular breast MR imaging protocol included axial T1-weighted image (T1WI), axial short inversion recovery T2WI, axial three-dimensional (3D) DCE-T1WI in both breasts, and 6-minutes delayed, sagittal fat-suppressed, contrast-enhanced T1WI (CE-T1WI) for both breasts. DCE-T1WIs were obtained 20 times with 18.8-second intervals.
To measure T2* relaxation time, a 3D multi-echo GE sequence was acquired with sagittal slices. Seven echo times (TE) were from 2. 
Voxel-Based T2* Mapping
To create voxel-based T2* maps, initially seven volumes of the sagittal images were aligned with respect to the first volume to correct any movement. Next, the signals were fitted to obtain S0 and T2* values, assuming the monoexponential decay of the signal by using the following equation:
S (TE) = S0·exp (-TE / T2*) where S0 is the equilibrium signal from the voxel, T2* is the relaxation time, and R2* is the relaxation rate. Using a MATLAB software (Mathworks, Natick, MA, USA), the builtin function polyfit was used to fit a linear curve of the logarithmic signal to the TE value for each voxel (18) . A T2* value was calculated for each index cancer and normal fibroglandular breast tissue. The CE-T1WI and the first echo GE image were co-registered and resliced to draw regionsof-interest (ROIs) of the breast cancer and the normal A. Sagittal contrast-enhanced T1-weighted image shows heterogeneous non-mass enhancement left breast. Region of interest of breast cancer (red) and normal parenchyma (green) was manually outlined and later copied onto T2* map. B. Signal intensity changes on MR images were used to calculate intrinsic T2* relaxivity. R2* values were found by taking negative of linear slope of signal intensity plotted against echo time (TE) for each voxel, of which the gradient is-R2* (measured in 1/ms). Reciprocal of R2* was T2*. C. T2* map shows similar T2* value in breast cancer compared with surrounding glandular tissue. Mean T2* value of breast cancer and parenchyma were 22.7 and 18.9 ms, respectively. D. On coronal T2-weighted image, cancer in left breast was not prominent and classified as iso-signal intensity compared with breast parenchyma. kjronline.org parenchyma of the breast. Volumetric ROIs were drawn by one radiologist, having 4 years of experience in breast MR imaging. In order to standardize the lesion analysis as much as possible, the ROI was drawn on the slice in which the cancer showed the greatest diameter, by using a freehand technique in the MRIcro software (http://people.cas.sc.edu/ rorden/mricro/index.html). In addition, similar sized ROI were also placed in regions of normal fibroglandular breast tissue in the ipsilateral breast to the known breast cancer. ROIs were drawn on contrast-enhanced MRI to maximize a region of homogeneous tissue type and to avoid large necrotic areas, and later copied onto T2* maps (Fig. 1) . The mean T2* values for the two ROIs were obtained for all subjects. 
Statistical Analysis
RESULTS
Of the 107 breast cancers, 92 were invasive cancers (72 invasive ductal carcinomas, 10 invasive lobular Table 3 . In univariate analysis, higher T2 signal intensity of breast cancers as compared with breast parenchyma, showed longer T2* relaxation time (p = 0.001). Cancers with higher histologic grade also showed longer T2* relaxation time (p = 0.01) (Figs. 2, 3) . However, age at diagnosis, menopausal status, symptoms at diagnosis, family history, mammographic density, calcification at mammography, lesion location, and size at MRI, pathologic subtype, lymph node metastasis, ER, PR, HER2, p53, Ki-67, CK 5/6, and molecular subtype did not affect the T2* relaxation time. The T2* values of 92 invasive carcinomas according to each pathologic subtype is shown in Table 4 . The first, second, and third longest T2* values were for medullary carcinoma, mucinous carcinoma, and metaplastic carcinoma respectively. The following variables with p values < 0.2 at univariate analysis were entered into the multiple linear regression model: calcification at mammography, lesion location and T2 signal intensity of cancer at MRI, histologic grade, ER, PR, HER2, p53, and Ki-67. In multiple linear regression analysis, the T2 signal intensity (p = 0.005) and histologic grade of breast cancer (p = 0.017) were significantly associated with T2* relaxation time (Table 5) . 
DISCUSSION
The major finding of this study revealed that T2* values of breast cancers were significantly different between invasive cancers and DCIS. In addition, T2* was significantly longer in the breast cancer group, having a higher T2 signal intensity and higher histologic grade. These results suggested an additional significance of T2* estimation in yielding information of the tumor microstructure.
Our results show that T2* relaxation time of invasive cancer was longer than normal breast tissue (p < 0.001). Li et al. (18) reported that the T2* relaxation time was longer in tumor tissue than normal breast tissue, and this result was concordant with our study. The authors expected that the T2* relaxation time of tumor tissue was shorter than breast tissue due to effects of deoxyhemoglobin, but the results were, in fact, opposite. The authors explained their results by the magnetic field inhomogeneity of tissue interfaces from fibrocollagenous ligament of Cooper in the glandular tissue, that overcomes the opposing effects of deoxyhemoglobin (18) . Likewise, our result that the T2* value of the invasive breast cancers was longer than that of DCIS (p = 0.029) was validated with the above-mentioned results. In DCIS, intact fibroligamentous breast tissue adjacent to the neoplastic epithelial cell proliferations confined to the mammary ductal and lobular systems in ROI, might result in magnetic field inhomogeneity and faster T2* relaxation compared with invasive cancers. Another study of the prostate showed that static tissue components may potentially result in faster T2* relaxation in fibrous tissue within benign prostatic hyperplasia and anterior fibrous band of the prostate (27) . In addition, because DCIS was manifested by non-mass enhancement rather than mass, the normal parenchyma adjacent to the enhancing lesion is easily contained within ROI, and may affect the T2* relaxation. Even though there was no statistically significant difference in calcifications at mammography between invasive cancer and DCIS groups, portions of the calcification were higher in DCIS group than in the invasive cancer group. We cannot exclude the possibility that magnetic field inhomogeneity induced by calcification might affect the difference of T2* relaxation between invasive cancer and DCIS.
In our study, T2* relaxation time was longer in higher grade tumor group in both univariate and multivariate analyses. However, according to previous studies which revealed that higher grade tumors had the lowest polarographic O2 values, it was expected that higher grade tumors would have faster T2* relaxation because of a higher anoxic and hypoxia fraction (28, 29) . We presume this paradoxical result might be due to structural differences based on the histologic grade, and these effects presumably overcome the opposing effects of hypoxia. According to a previous study which analyzed the correlation between the tumor-stroma ratio and modified Bloom-Richardson grade (30) , stroma-poor breast cancers correlated with high grade cancers, and stroma-rich breast cancer correlated with low grade cancer. We suppose that the static stromal component, including tissue collagen, might induce magnetic field inhomogeneity and result in decreased kjronline.org T2* relaxation time in low grade breast cancer, which was characterized by increased tubule and gland formation, low cellularity, and rich collagen matrix (31, 32) . Subtype of medullary carcinoma, defined as scant stroma and prominent lymphoid infiltration (33) , shows the longest T2* value among the subtype of invasive cancers in our study. A significant correlation between breast tumor T2* relaxation and tumor grade was also reported in another clinical study (34) . However, contrary to the observations of our study, Liu et al. (19) showed that the T2* relaxation rate was not correlated with histologic grade. Compared with that study, we evaluated additional factors, T2 signal intensity and presence of calcifications on mammography, which might affect the T2* relaxation. We analyzed the qualitative visual assessment of cancer compared with parenchyma in T2WI, and correlated them with quantitative T2* mapping. T2* values of invasive cancers showed a significant correlation with T2 signal intensity in both univariate and multivariate analyses. T2* relaxation is a combined effect of true T2 relaxation and relaxation affected by magnetic field inhomogeneities according to the following equation: 1 / T2* = 1 / T2 + γ ΔBinhom, where γ is the gyromagnetic ratio and ΔBinhom is the magnetic field inhomogeneity across a voxel (35) . Thus, T2 and T2* parameters in MRI were associated with each other. In our study, T2* relaxation times of mucinous carcinoma and metaplastic carcinoma, known to have a long T2 relaxation time and showing high T2 signal intensity (36, 37) , were the 2nd and 3rd longest values respectively among subtypes of invasive cancers. Uematsu et al. (22) reported that tumors with higher degree of fibrosis, mainly collagen fibers present, correlated with low or equal T2 signal intensity. Considering our results that T2* was significantly shorter in breast cancer group with lower histologic grade characterized by rich collagen matrix, collagen fiber might affect T2 relaxation as well as T2* relaxation. In our study, T2* value was still associated with histologic grade when the qualitative T2 effect was corrected. Regarding molecular subtype, even though there was no statistical significance, triple negative group shows longer T2* relaxation than HR-positive subtype in our study, and this result was relatively consistent with a previous study that shows triple negative breast cancer has high or very high T2 signal intensity than other subtypes (22) . It is well known that additional information of T2WI can increase the specificity of breast MR imaging (38) . Regarding T2* values which reflect susceptibility induced field distortions, only a small number of studies have been performed in breast MR imaging (18, 19) . Further studies with large sample size comparing the T2 and T2* values might provide additional helpful information concerning histopathologic characteristics or tumor microstructure.
A number of limitations may affect the applicability of our findings. First, the sample size might be too small to draw a solid conclusion. Second, we did not assess the correlation between quantitative assessment of calcifications of breast cancer and T2* relaxation. We only evaluated correlation between the T2* relaxation time and presence of calcifications on mammography. The cancers with calcifications on mammography showed shorter relaxation time, albeit without statistical significance (p = 0.062), and this result might reflect that magnetic field inhomogeneities arise from iron deposits induce faster T2* relaxation. Third, we did not evaluate the correlation between quantitative fibrotic component and the T2* value. Fourth, we did not compare T2* relaxation times of benign tumors and cancer. Further studies which correlate quantitative static tissue component information using special staining for fibrotic component and microcalcifications on surgical specimens are needed to confirm our observations.
In conclusion, we observed that the T2* value was significantly longer in invasive cancer than DCIS. Regarding invasive cancers, T2* relaxation time was significantly longer in cancer with high histologic grade and high signal intensity on T2WI. Based on these preliminary data, T2* estimation may be suggested as a potential tool for yielding information of the breast tumor microstructure.
